Abstract: This paper presents a proposal for a generic urban structure type (UST) scheme. Initially developed in the context of urban ecology, the UST approach is increasingly popular in the remote sensing community. However, there is no consistent and standardized UST framework. Until now, the terms land use and certain USTs are often used and described synonymously, or components of structure and use are intermingled. We suggest a generic nomenclature and a respective UST scheme that can be applied worldwide by stakeholders of different disciplines. Based on the insights of a rigorous literature analysis, we formulate a generic structural-and object-based typology, allowing for the generation of hierarchically and terminologically consistent USTs. The developed terminology exclusively focuses on morphology, urban structures and the general exterior appearance of buildings. It builds on the delimitation of spatial objects at several scales and leaves out all social aspects and land use aspects of an urban area. These underlying objects or urban artefacts and their structureand object-related features, such as texture, patterns, shape, etc. are the core of the hierarchically structured UST scheme. Finally, the authors present a generic framework for the implementation of a remote sensing-based UST classification along with the requirements regarding sensors, data and data types.
Introduction
In day-to-day language, we frequently use terms like building blocks or residential areas. These terms refer to certain architectural concepts, sociological discriminable units and the organization of urban structures in space. Planners try to distinguish between land use and urban structure. Urban structure is a more generic concept describing the arrangement of actual land use and potential land use in urban areas. Seen this way, structure may be synonymous with urban spatial structure, which concerns the arrangement of public and private space in cities and the degree of density and connectivity of the constituent elements. The concept of urban structure types (USTs) was initially developed in the 1960s when they were used for urban planning in German cities [1] , and then introduced in the context of urban ecology by Duhme and Pauleit [2] in 1992.
In terms of the functions of space and the city as a place of interactions, Batty [3] presents and explicates models that simulate urban dynamics in the context of complexity theories. These models relate different scales of urban structure with each other and build on the theories of complexity as they try to link urban structural processes with local or regional (inter-)actions. The concept of urban morphology is sometimes used synonymously with urban structure but is also seen differently. According to Moudon [4] , urban morphology is the study of the city as a human habitat, which means that urban morphologists focus on the tangible results of social and economic forces. Levy [5] introduces the aspect of time as he highlights the differences between the typology and the morphology itself and argues for the importance of morphologic transformations for the analysis of today's urban fabric. Considering the mentioned arguments, Gauthier & Gilliland [6] give a general definition of urban morphology as the study of city forms. Despite the fact that the other authors mention the existence of different schools of thought relating to urban morphology [4, 6] , the processes of city transformations, the functions of space, and the connection to certain socioeconomic aspects are intrinsic constituent parts of this field of research. In contrast, this paper focuses on the physical urban structure itself.
In the context of studies of the physical structure of urban areas and, particularly, along with the increasing number of remote sensing applications for urban areas, the urban structure type (UST) approach is somewhat established within the remote sensing community using different kinds of sensors [7] [8] [9] [10] . However, the concept still suffers from a very inconsistent use of the term and, subsequently, from highly diverse understandings of the subject and implementations. USTs are defined by specific spatial characteristics, e.g., the morphology and the spatial relationships between urban artefacts such as buildings, streets, trees, lawns [11] . However, USTs are also often defined by a specific land use. How land use influences the process of assigning particular USTs appears to be important from the researcher's point of view. This research investigates the correlating characteristics of urban morphology and urban land use. There is no doubt that the urban structure is influenced or may even be determined by its actual use. However, in order to be "used", the urban structure itself has to exist; otherwise, it is impossible to address a certain land use to an urban structure.
This study analyses current classification schemes of USTs, the use of USTs within literature, and highlights existing inconsistencies and knowledge gaps. Existing studies proposing schemes for USTs are reviewed with regard to their usability and applicability. Emphasis is placed on the difference between urban structure itself and the urban land use, and it is suggested to address the land use for particular USTs at a semantic level. This semantic level refers to the (multifunctional) land use practice of those structural elements that form structure types.
We propose a new concept of a structure-and object-based typology: generic Urban Structure Types (USTs). Intrinsic goals of this generic approach are the transferability and the replicability. Secondly, we analyze the proposed hierarchical UST scheme regarding its remote sensing applicability. In analogy to Hecht et al. [12] , we identify and classify possible data sources, i.e., remote sensing systems for the acquisition of USTs, as well as defining the nature and specificities of the remote sensing data itself.
Materials and Methods

Theoretical Background
Urban morphology studies the form of human settlements and the processes of their formation and transformation. It has its roots in geography and urban sociology, where scholars seek to understand the spatial structure and character of an urban area by examining the patterns of its component parts and the ownership and utilization of dwellings. Nevertheless, urban studies are based on different schools of thought with different aims and social theories [4, [13] [14] [15] . Only more recent studies focusing on the objectification of urban form [16, 17] try to develop neutral, purely descriptive views of urban areas.
In this article, we hypothesize that only such a pure, descriptive, almost theory-free notion needs to be enforced for a highly transferable methodology and its implementation. Such a notion may be criticized as a reductionist view and that cultural aspects, land use, and cultural and architectural traditions, etc. are neglected. However, the inclusion of the latter would hamper a comparison between cities in different climatic zones and cultural hemispheres.
The term 'structure' becomes a central concept when considering urban morphology as the study of urban tissue or fabric. The implementation in terms of mapping and quantification also necessitates a distinction between coherent neighborhood morphology (open spaces, buildings, roads) Remote Sens. 2019, 11, 173 3 of 21 and functions (human activities) because functions are mostly associated with land use, which has already been excluded for a purely descriptive approach. Instead, the core idea is that urban structure exhibits recognizable patterns in the ordering of buildings, spaces and functions, in which variation reinforces an organizing set of principles. This pure descriptive view would not be possible without the progress in spatial analysis over the last three decades or so. Many disciplines use elements of urban morphology that are predominantly based on theoretical frameworks. Although this is not a problem, as such, it hinders the comparison of the urban fabric between, for instance, Helsinki and Rio de Janeiro. We argue for a purely structure-based approach where urban activities and their interactions-mainly land use and transport-will only be integrated in later steps using a variety of theoretical-mainly economic and sociologic-frameworks built around socio-economic relationships between activities [14, 18, 19] .
USTs describe the composition of a city with all its artificial and natural surfaces based on the assumption that settlements consist of distinct spatial units with similar building structures, open spaces, and land use forms composing delimitable patterns [10, 20] .
An Analytical Review of Existing UST Approaches
A number of approaches have delineated the urban system into distinct configurations of built-up areas, impervious open spaces, urban green spaces and infrastructure [7] . Others have proposed a hierarchical layer order by using configurations of residential buildings, green-and other open spaces, traffic areas and industrial-/commercial areas [21] . A listing-without claiming to be exhaustive-of proposed USTs and the respective references can be found in Table 1 . In Table 2 , important literature has been identified that refers to the UST concept but does not provide or present particular USTs. Independently from their actual nomenclature, scale or complexity, USTs are seen as an essential support for planning authorities, spatial planners in general or as keystone in planning processes [1, 7, [21] [22] [23] . According to Banzhaf & Hofer [24] , USTs support effective urban management. They could serve as a foundation for monitoring, controlling and modelling tasks of urban planners and decision makers during ongoing urbanization processes [23] . For this study, it has been essential to identify a common nomenclature, a common language between urban remote sensing and urban planning that facilitates realizing such synergistic benefits (see Section 2.3. Specificity of cities vs. generic applicability). It is a prerequisite that USTs have a multi-layered character, as will be explained further on: this scheme will avoid including objects of completely different sizes within the same level, e.g., city center and single-family house. In addition, a clear distinction between the different (semantic) layers and the object dimensions is essential (see Section 2.3 Specificity of cities vs. generic applicability). The local climate zones (LCZs) are a representative example of how different urban structures can be separated with regard to a certain typology (see Section 2.4 Related and alternative concepts). In an attempt to systematically review previous research, Table 1 summarizes a broad variety of USTs. The basis of these USTs is often a land cover map, a land use map, or a definite to indefinite combination of these two. These classifications are generated both supervised and unsupervised; even explicitly manual classifications are used to produce basic data. Green areas (conservation units, green spaces, derelict spaces, urbanization), residential areas (very low density, low density, marginal, high density, medium density, high standard, very high standard, low building, low building-prime, high buildings), public areas (transportation, public building, recreation, commercial), commercial and industrial areas (commercial, industrial), mixed (commercial/residential, industrial/commercial/residential) [1] Distrito Federal do Brasíl Orthoimagery Table 2 . Literature referring to the UST concept.
Referring to the Urban Structure Type (UST) Concept Without Proposing Particular USTs
Sphere of Application [35] Soil sealing, rainwater management [36] Urban land use [37] Informal settlements [38] Landscape metrics, urban land use structures [39] Urban patterns and morphology [40] Local potential of district heat, settlement structures [41] Urban morphology analysis [42] Urban structure types, land use [16] Local Climate Zones, urban structure [43] Local Climate Zones, WUDAPT [44] Local Climate Zones, neighborhood information
Specificity of Cities vs. Generic Applicability
Among the many examples of USTs that exist in the literature, there are only a few that use the same USTs for more than one city in terms of definition, description and derivation. From the 30 articles studied, only five studies apply their presented USTs to more than one city: four studies address two cities [21, 26, 27, 42] , while Bochow et al. [11] address three cities but include country-specific aspects for the definition of the respective USTs. The derivation of local-specific structure types such as "social housing", "informal settlement" etc. are essential for local and regional spatial analyses. As stated by Bochow et al. [11] , there is a need for a flexible and adaptable approach for automatable USTs since the selection of USTs usually takes place with respect to a particular research question, a particular application and a particular type of urban agglomeration. However, this adaptation to regional and local characteristics impedes transferability to other areas or even standardization of such urban structural types [16, 44] . Paradoxically, the scheme is designed to be conceptually universally applicable, but its realization leaves room for individual adaptations.
As mentioned beforehand, common UST classifications often are generated supervised, unsupervised or USTs are even partly derived manually. The extent to which each classification type is applied depends on the individual case and therefore varies between cities; sometimes even this extent remains unclear to the reader as it is not evident which urban artefacts or structures have been manually or automatically delineated. Thus, the process of establishing such a basis is not subject to standardization. In addition, the proposed USTs often have a two-dimensional character. This means that the USTs describe only one level of urban structure on the basis of a given scale. The USTs thus only cover one level of the city structure, with the recognizable tendency to cover a scale as small as possible with the help of very high-resolution remote sensing data (such as satellite data). As stated by Taubenböck et al. [22] , "urban structure" must be defined as a multi-layered term including the temporal dimension of urban transformation, the physical sphere of its objects and the condition of demographic, socio-economic and political influences. Consequently, urban structure can be found at all scale levels [24, 29] . It typically starts with the distinction between built-up and non-built-up, i.e., the distinction between built-up and vegetation, and develops towards the distinction between built-up, vegetation, water and bare soil. For higher-resolution data, a distinction can be made between continuous and discontinuous built-up, vegetation, water and bare soil, which demonstrates that USTs are present at all scale levels ( Figure 1 ). The types of urban structures one chooses to depict depends on the desired scale level: mixing scale levels also makes it difficult to assign a certain urban structure type.
use and urban structure may or may not necessarily be congruent. Even though USTs and land use types are sometimes used interchangeably or intermingled in the literature [26, 42] , one may assume that a well-trained city planner can differentiate between the mere use of space for a specific purpose and the spatial-structural characteristics of buildings. With the given example, we emphasize that the term "urban structure type" refers to the constructional characteristics of a surface, i.e., its structure and not the (usable) surface for a specific purpose. 
Related and Alternative Concepts
As discussed in Section 2.1 Theoretical Background and 2.3 Specificity of cities vs generic applicability, the urban structure type approach has been established, enabling holistic descriptions of a city and its interactions [20] . In contrast to USTs, local climate zones (LCZs) are a generic, climatebased typology of urban and natural landscapes [43] . LCZs are defined as "regions of uniform surface cover, structure, material, and human activity that span hundreds of meters to several kilometres in horizontal scale" [43, 49] and have a "characteristic screen-height temperature regime". The introduction of the LCZs within the frame of the WUDAPT project highlights the definition of a common standard that is applicable for all urban agglomerations on a global scale. The abbreviation WUDAPT stands for 'The World Urban Database and Access Portal Tools'. It is a community-based project to gather remote sensing-based information for urban climate studies. The concept of WUDAPT allows researchers around the world to study a specific city even if certain local climate zones do not occur within the area; neither the workflow nor the analysis are influenced by the absence of particular local climate zones, such as "water", "compact high-rise", "dense trees" or others. The LCZ approach demonstrates that the urban structure type approach has the potential to describe the composition of a city, following an urban planning-based typology.
A well-known information system of land use and land cover is the CORINE Programme with its specific CORINE Land Cover (CLC) nomenclatures and methodologies. In contrast to the LCZs typology, the minimum mapping unit of CORINE does not depend on the spatial resolution of the used satellite sensor imagery; a specific threshold is used for the classification. This means that objects of less than 25 ha area cannot be present in the database [50] . For the CORINE Land Cover Change (CLCC) mapping, the minimum mapping unit is set to 5 ha in order to collect information relevant The presence of, e.g., the structure type "continuous built-up" next to the "single family house" type may be confusing, as both types are located at different scale levels.
For many researchers, their urban structure classification scheme should depict not only one (e.g., the morphology) but many aspects of the urban landscape.; whether these aspects merge into characteristic values of population densities [27, 45] , land use structures [26, 46, 47] , or the legal aspects of how land is used [37, 48] . One important aspect of urban areas is the land use. Nevertheless, land use and urban structure may or may not necessarily be congruent. Even though USTs and land use types are sometimes used interchangeably or intermingled in the literature [26, 42] , one may assume that a well-trained city planner can differentiate between the mere use of space for a specific purpose and the spatial-structural characteristics of buildings. With the given example, we emphasize that the term "urban structure type" refers to the constructional characteristics of a surface, i.e., its structure and not the (usable) surface for a specific purpose.
As discussed in Section 2.1 Theoretical Background and 2.3 Specificity of cities vs. generic applicability, the urban structure type approach has been established, enabling holistic descriptions of a city and its interactions [20] . In contrast to USTs, local climate zones (LCZs) are a generic, climate-based typology of urban and natural landscapes [43] . LCZs are defined as "regions of uniform surface cover, structure, material, and human activity that span hundreds of meters to several kilometres in horizontal scale" [43, 49] and have a "characteristic screen-height temperature regime". The introduction of the LCZs within the frame of the WUDAPT project highlights the definition of a common standard that is applicable for all urban agglomerations on a global scale. The abbreviation WUDAPT stands for 'The World Urban Database and Access Portal Tools'. It is a community-based project to gather remote sensing-based information for urban climate studies. The concept of WUDAPT allows researchers around the world to study a specific city even if certain local climate zones do not occur within the area; neither the workflow nor the analysis are influenced by the absence of particular local climate zones, such as "water", "compact high-rise", "dense trees" or others. The LCZ approach demonstrates that the urban structure type approach has the potential to describe the composition of a city, following an urban planning-based typology.
A well-known information system of land use and land cover is the CORINE Programme with its specific CORINE Land Cover (CLC) nomenclatures and methodologies. In contrast to the LCZs typology, the minimum mapping unit of CORINE does not depend on the spatial resolution of the used satellite sensor imagery; a specific threshold is used for the classification. This means that objects of less than 25 ha area cannot be present in the database [50] . For the CORINE Land Cover Change (CLCC) mapping, the minimum mapping unit is set to 5 ha in order to collect information relevant to European policy [50] . The hierarchical nomenclature of the CLC includes land cover as well as land
use and is not limited to urban areas. The objective of the program is to cover and classify the entire European area plus the areas of countries that are program partners. Every land cover type is classified according to the CLC nomenclature. The input data used for the classification varies from one country to another because national teams produce the database for their own country and that data is later integrated at the European level. Most countries still produce the data by visual interpretation of high-resolution satellite images. There is no special focus on urban areas in the CORINE Programme and the fact that the representation of (small) urban artefacts is neither prioritized nor can be achieved due to the limited resolution, impedes the use of CLC for detailed urban structural analysis.
Another remote sensing related framework for a national land use and land cover classification was proposed by Anderson et al. [46] . Although the remote sensing data, sensors, and instruments have evolved since 1976, many basic statements are still valid today, including the description of the terms "land cover" and "land use" as well as the fact that in almost any classification process, it is rare to find the clearly defined classes that one would like [46] . However, the proposed (hierarchical!) classification scheme is very remote sensing oriented and specifically emphasizes the land use. This means that certain (land cover) classes are designed in such a way that certain land use types (e.g., mining operations in the class "Industrial") are demonstratively included. Object-related information such as the (building) density of residential (land use) areas should be included in a possible evaluation of the class "Residential". With their innovative approach, Anderson et al. [46] , highlight the still challenging task of combining remote sensing data and ancillary data for a classification of both land cover and land use by means of one classification scheme only.
Conclusions of the Status Quo
The inconclusive character of the current UST approach means that there is neither a consistent and standardized framework nor a coordinated strategy for nation-wide mapping of UST [44] which limits its actual application. One aspect of the flexibility is the use of different nomenclature that does not necessarily match with the vocabulary of the addressed target group; the urban planners. A general acceptance of any UST scheme cannot automatically be assumed. However, it is more likely that stakeholders of different disciplines use a particular typology if there is a common base, e.g., in the form of a common terminology. Consistency is crucial for this common terminology to be possible, and it must span different layers and different dimensions of scale. The consistent terminology necessitates the separation between social aspects (e.g., poor, social housing, gated communities, and suburbia), specific values (e.g., floor-space index, energy efficiency, net energy use) and USTs. Together with their expertise and with their insights from the local knowledge of communities, (local) urban planners are equipped to use (remotely sensed) USTs as a (data) base that allows for calculation of specific values such as floor-space index or net energy use. In the context of the increased discussion about participative (urban) planning and public participation in general, it is clear that planners will increasingly play a mediating role between policymakers and various public stakeholders. In this scenario, new approaches of incorporating local community knowledge need to be adopted [51] . However, USTs themselves are not specific values or "mathematical" components of a certain social aspect that urban planners may consider. The UST approach will not provide an all-encompassing explanation for urban-economical or urban spatiotemporal phenomena. The UST typology and various implementations, such as USTs based on remote sensing data, shall serve as a method and a tool for urban planners.
A proposal for a Generic UST Scheme
Based on the insights from the literature review and from the analyzed requirements for hierarchically and terminologically consistent USTs, we argue for the necessity of a structural-and object-based typology.
Goal
The presented typology and the USTs shall be suitable for all urban areas of all continents. Therefore, a UST scheme shall be presented which is as generic as possible. Any reference to land use as part of the typology is omitted. There are approaches in the literature that use remote sensing imagery or portals like Google Street View or Volunteered Geographic Information. Some of these approaches make statements about the use of objects. Nevertheless, it seems that efforts striving for generically applicable schemes are comparatively small in numbers. No standardized, transmittable and consistent application has been developed yet. Therefore, a land-use typology that could fulfil the requirements of a hierarchical and terminologically consistent urban structure typology is not available.
Spatial Requirements
Similar to other descriptive classification schemes [46, 47, 52] , we propose a scheme following hierarchical levels. These hierarchical levels are aligned with the spatial scale; i.e., on a large scale (e.g., 1:1,000,000) the distinction of merely a very limited number of USTs is possible. A precondition for the application of a certain (descriptive) level is the clear and comprehensive delimitation of objects. This operation is the translation of structure-and object-related features such as texture, patterns, shape etc. into the-typically generalizing-urban structure type scheme. We need to clearly state that the generic UST scheme is not remote sensing orientated; i.e., the scale of type allocation does neither refer to the geometric resolution of satellite images (pixel sizes) nor to other remote sensing data specifications.
Proposed UST Scheme
The proposed USTs are presented in Figure 2 . This generic proposal targets cities worldwide, in all climatic regions. Within these cities, the proposed USTs shall cover all types of urban artefacts that are identified at a certain level of scale. At the top level (Figure 2 ), a fundamental differentiation between built-up and non-built-up is made. Built-up consist of artificial surfaces such as buildings, man-made impervious surfaces and related constructions of all kind. Non-built-up includes all other areas including pervious surfaces, bare soil, vegetation and water. Thus, the second level comprises the USTs Built-up, Vegetation, Bare Soil and Water.
At the third level, only built-up areas are further differentiated into more or less isolated objects, Continuous built-up areas, and Traffic areas that constitute linear and elongated objects of, e.g., impervious surface.
At the fourth level, we differentiate built-up USTs further into continuous built-up, discontinuous built-up, building blocks, and traffic areas respectively. The UST building blocks are composed of the UST continuous built-up that is surrounded by the UST traffic areas.
A significant number of authors differentiate vegetated areas into recreational areas, urban parks, public urban green space or even differentiate between different types of recreational areas. The fact that the terms 'recreational areas' or 'park' mostly refer to a certain legal state (public) and that they have certain characteristics in accessibility or ownership restricts their suitability for urban structure typology. As mentioned before, information about the legal status of an area or its recent land use shall not be part of the proposed typology. Therefore, plausibility, transferability, and usability-in this case-can only be guaranteed at the expense of a limited level of detail within certain groups of USTs. Moreover, it is at least questionable how relevant the labour-intensive identification of, e.g., outdoor tennis courts or outdoor baseball parks is for (large-scale) urban planning purposes. At the fourth level, vegetation is differentiated into the USTs open vegetated space, shrubs, and trees. These structure types differ significantly in form, shape, and context in space. The UST open vegetated space still contains shrubs and/or trees up to a certain threshold. As mentioned before, we emphasize the clarity regarding the denomination of USTs; i.e., the denomination of a group of trees as "forest" is ambiguous. For the nonbiased reader, it is not clear whether "forest" refers to the ecological term of "forest", the legal definition "forest" or the layperson term "forest". An area legally defined as "forest" does not necessarily have to feature one single tree [53, 54] or an area full of trees and bushes may not fulfil many ecological functions nor have a forest-specific climate.
At the fifth hierarchical level, for the UST group built-up, we differentiate between the USTs extensive impervious surface, single family-/semi-detached houses, large scale industrial/retail, perimeter buildings, traffic areas, multi-storey buildings, linear blocks, terraced houses. The USTs single family-/semi-detached houses and large-scale industrial/retail refer to the shape, the size, the form, and the spatial context of such areas rather than to a potential land use that they are usually connected with. Single family-/semi-detached houses are stand-alone houses that cover a smaller area. they are adjacent to traffic areas in a certain compass. Terraced houses (in literature often mentioned as "row houses") appear as one linear and autonomous object. In contrast to single family-/semi-detached, this UST comprises several dwellings houses and terraced houses continuously cover a larger area. In contrast to linear blocks, terraced houses cover a smaller area, and the formed row of houses is aligned parallel to a street [55] or an extensive impervious surface within a certain proximity. The UST large-scale industrial/retail covers larger areas and usually also comprises larger areas of extensive impervious surface; it typically contains large-scale buildings. Due to the specific spatial context with other USTs and the specific form ratio (width to height) this UST can be differentiated from multi-storey buildings or perimeter blocks. Perimeter blocks are defined as building blocks that are surrounded by Traffic areas; they occupy a city block. The building(s) of a perimeter block separate the street from a possible courtyard; they usually have two orientations: street and courtyard [56] . Multi-storey buildings appear as autonomous objects, have multiple floors, cover a larger area and comprise different shapes. In contrast to multi-storey buildings, linear blocks comprise a linear shape and are generally orientated in one direction (e.g., N-S). A linear block stands free from adjacent buildings [56] .
The UST vegetation is further differentiated into open vegetated space, shrubs, trees, agriculture, and street accompanying green. The UST agriculture consists of vegetated and non-vegetated areas adjacent to traffic areas or other USTs of the built-up group. Areas that form the UST agriculture usually do not contain shrubs or trees and are rectangular. Centre-pivot irrigated agricultural areas that might occur within urban areas, are in a specific spatial context (e.g., next to rectangular agricultural fields, defined by the distance to building/block related USTs). Street accompanying green is adjacent to traffic areas and has a specific elongated shape. The greening of rotary traffic (Brit.: roundabout) is enclosed by traffic areas in a certain distance and usually covers a smaller area than a centre-pivot irrigated agricultural field.
At the sixth hierarchical level (Figure 3) , the UST group built-up is extended for the UST's: special constructions, high-rise buildings, streets, and railway constructions. Special constructions consist of objects that do not belong to any other UST, due to the form and shape of the buildings, their relation to other USTs or the spatial context in general. Possible objects of this UST are antennas, antenna towers, large decorative elements, stadiums, water towers, storage tanks, power cable towers etc. High-rise buildings have a vertical form, are high, and stand free from adjacent buildings [56] ; a high-rise building appears as an universal object [56] . It is defined differently according to its height in various jurisdictions which makes it impossible to provide a clear threshold. Still, for the UST high-rise buildings, the relationship between area and height is usually specific and allows the distinction to the USTs multi-storey buildings, large-scale industrial/retail and perimeter buildings. The USTs railway constructions and streets originate from the UST Traffic areas of the lower hierarchical level. The UST railway constructions have a specific elongated form, a specific shape, and the relationships to adjacent USTs usually differ from those of Streets.
(Brit.: roundabout) is enclosed by traffic areas in a certain distance and usually covers a smaller area than a centre-pivot irrigated agricultural field.
At the sixth hierarchical level (Figure 3) , the UST group built-up is extended for the UST's: special constructions, high-rise buildings, streets, and railway constructions. Special constructions consist of objects that do not belong to any other UST, due to the form and shape of the buildings, their relation to other USTs or the spatial context in general. Possible objects of this UST are antennas, antenna towers, large decorative elements, stadiums, water towers, storage tanks, power cable towers etc. High-rise buildings have a vertical form, are high, and stand free from adjacent buildings [56] ; a high-rise building appears as an universal object [56] . It is defined differently according to its height in various jurisdictions which makes it impossible to provide a clear threshold. Still, for the UST highrise buildings, the relationship between area and height is usually specific and allows the distinction to the USTs multi-storey buildings, large-scale industrial/retail and perimeter buildings. The USTs railway constructions and streets originate from the UST Traffic areas of the lower hierarchical level. The UST railway constructions have a specific elongated form, a specific shape, and the relationships to adjacent USTs usually differ from those of Streets.
The urban structure type 'bare soil' is not divided further and remains one type through five hierarchical levels. Neither the size, the slope, the occurring mobile objects nor the relation to adjacent USTs may serve as an exclusive characteristic of areas such as construction sites, sports areas (e.g., BMX tracks), quarries, archaeological sites, or simply uncultivated land in semi-arid climate zones. Expert knowledge, ancillary data from land use plans or information from other planning instruments are necessary to assign an area previously identified as the urban structure type 'bare soil' in a more precise way. In Figure 3 , the USTs of the 6th hierarchical level are graphically depicted. Table 1 reveals that the urban structure type 'water' is hardly recognized in literature as being a part of the urban structure. Nevertheless, depending on the location of the city and the predominant climate, water may play a decisive role within a particular urban planning project. Thus, it appears The urban structure type 'bare soil' is not divided further and remains one type through five hierarchical levels. Neither the size, the slope, the occurring mobile objects nor the relation to adjacent USTs may serve as an exclusive characteristic of areas such as construction sites, sports areas (e.g., BMX tracks), quarries, archaeological sites, or simply uncultivated land in semi-arid climate zones. Expert knowledge, ancillary data from land use plans or information from other planning instruments are necessary to assign an area previously identified as the urban structure type 'bare soil' in a more precise way. In Figure 3 , the USTs of the 6th hierarchical level are graphically depicted. Table 1 reveals that the urban structure type 'water' is hardly recognized in literature as being a part of the urban structure. Nevertheless, depending on the location of the city and the predominant climate, water may play a decisive role within a particular urban planning project. Thus, it appears to be obligatory to recognize such area(s) as distinct urban structure types. The type 'water' can be further differentiated into the subsequent types 'standing water body' and 'body of flowing water' through its size, form, and the mobile objects that may be found within such an area. One may argue that (swimming) pools [57] [58] [59] or lakes are not considered as a proper urban structure type. Pools may vary in depth, water-level, function (recreational or aesthetic purposes) and accessibility. These characteristics and qualities are key for urban planning and for the accurate identification of land use. However, these qualities cannot be deduced from structure-or object-based properties alone and pools are therefore not assigned their own type in our UST scheme.
Remote Sensing Implementation
The acquisition of hierarchically consistent USTs by means of remote sensing requires a description of the required minimum resolution. This means that the specification of the hierarchical level should contain the specification of the minimum requirement in sensor type or information regarding the required spatial resolution. Hecht et al. [12] provide information on the possible sources for the acquisition of USTs. They highlight the remote sensing implementation and provide a workflow for the derivation of USTs. However, the presented USTs include information on the respective land use and only cover built-up land (buildings); structures, such as vegetation or water, are not represented. Kadhim et al. [60] provide a detailed overview of remote sensing systems and their spatial resolution in the context of sustainable urban development. In contrast to Kadhim et al. [60] , we focus on the spatial resolution of (current) remote sensing systems in general (see Figure 4) . The spatial resolution is crucial for the description of urban structure(s) and urban artefacts. The multitude of remote sensing systems and sensors available on the market allows for covering almost all spatial accuracy requirements with a variety of systems being explicitly advertised with emphasis on their high spatial resolution. Successful applications of hyperspectral data for the identification of USTs (e.g., [7] and Table 1 ) have been conducted. However, due to their spatial resolution (i.e., [7] ), the additional use of ancillary data (LiDAR, orthophoto, vector data) is required. Furthermore, the materials used in the construction of objects can provide an important indication as to the use of these objects but does not necessarily provide information about the current use. Aside from the land use information itself, examples by Hofmann [37] and Niebergall et al. [61] show how the spectral, as well as the spatial information of urban structure (and/or image objects), allows even the legal aspect of land use to be assessed. Nevertheless, due to temporal and regional differences, the legal aspect of constructions is not included in the presented urban structure scheme.
In Figure 4 , the remote sensing implementation scheme for the classification of USTs is presented. The connections to USTs that form the superstructure are highlighted. Further, the connections and relationships to all subsequent groups of USTs are presented.
On a meta-level, the mechanistic level I and II (highlighted in a yellow colour bar) reside between the USTs. The mechanistic level represents an auxiliary means to improve the classification and delimitation of USTs; this level hosts so-called mobile objects. Mobile objects, e.g., depicted in optical remotely sensed imagery, may include motor vehicles, bicycles, people, tramways, sunshades of all kind etc. They should be included in the identification process of USTs of a certain hierarchical level whenever possible but cannot form an urban structure type of their own. While the terminology 'temporary objects' would highlight the temporal aspect of these objects' existence within the image scene rather than the temporal aspect of their location, the authors decided to assign this class of urban artefacts the attribute 'mobile' in order to emphasize this characteristic.
Mobile objects potentially occur within all USTs and are hence useful for the exact identification of USTs and for the delimitation between categories. The characteristics of mobile objects such as their size, shape and number of occurrence reduce the number of eligible USTs and hence facilitate the identification process. When working on remote sensing imagery, we propose a multiresolution image segmentation [62] [63] [64] for the delineation of potential USTs, following a hierarchical approach. Alternatively, existing GIS data or a combination of remote sensing data and GIS data may be utilized. Through the use of a class hierarchy and its inheritance (parent-child class relationships) [65] , the UST scheme can be represented within an object-based image analysis (OBIA) [66] framework. The requirements for a structural-and object-based urban structure typology can generally be met by means of OBIA. As Blaschke et al. [67] (p. 186) point out, "image segmentation is not an end in itself. Segmentation is the partitioning of an array of measurements on the basis of homogeneity. It divides an image -or any raster or point data -into spatially continuous, disjointed and homogeneous regions. Depending on the segmentation process and segmentation parameters, resultant image objects vary in colour, shape, size and other intrinsic properties. The introduction of such objects allows for the analysis of the relationships between them: horizontally within one image layer and vertically through different super-imposed layers [68] . Created objects have (topological and non-topological) neighborhood relationships and hierarchical relationships, such as "is-part-of" or "consists of" [67] . Dependent on the user-requirements, particular levels of the USTs can hence be represented.
Examples for remote sensing sensors for each hierarchical level are presented in Table 3 . The column next to the Latin numbers that indicate the hierarchical level shows the estimates of the minimum spatial resolution that is necessary to identify certain USTs of that specific hierarchical level. The values for the minimum spatial resolution of each level are mostly based on the maximum spatial resolution of current remote sensing systems (mostly satellites). The necessary resolution of the image data is indicated for each hierarchical level as well as other necessary remote sensing data. When working on remote sensing imagery, we propose a multiresolution image segmentation [62] [63] [64] for the delineation of potential USTs, following a hierarchical approach. Alternatively, existing GIS data or a combination of remote sensing data and GIS data may be utilized. Through the use of a class hierarchy and its inheritance (parent-child class relationships) [65] , the UST scheme can be represented within an object-based image analysis (OBIA) [66] framework. The requirements for a structural-and object-based urban structure typology can generally be met by means of OBIA. As Blaschke et al. [67] (p. 186) point out, "image segmentation is not an end in itself. Segmentation is the partitioning of an array of measurements on the basis of homogeneity. It divides an image-or any raster or point data-into spatially continuous, disjointed and homogeneous regions. Depending on the segmentation process and segmentation parameters, resultant image objects vary in colour, shape, size and other intrinsic properties. The introduction of such objects allows for the analysis of the relationships between them: horizontally within one image layer and vertically through different super-imposed layers [68] . Created objects have (topological and non-topological) neighborhood relationships and hierarchical relationships, such as "is-part-of" or "consists of" [67] . Dependent on the user-requirements, particular levels of the USTs can hence be represented.
Examples for remote sensing sensors for each hierarchical level are presented in Table 3 . The column next to the Latin numbers that indicate the hierarchical level shows the estimates of the minimum spatial resolution that is necessary to identify certain USTs of that specific hierarchical level. The values for the minimum spatial resolution of each level are mostly based on the maximum spatial resolution of current remote sensing systems (mostly satellites). The necessary resolution of the image data is indicated for each hierarchical level as well as other necessary remote sensing data. 
Urban Planning Consultancy-Expert Interviews
The authors of this study aim for a high practicality of the proposed generic UST scheme for urban planning purposes. This should be achieved through the involvement of urban planning experts and their professional judgment. The proposed scheme underwent a critical evaluation by two experts. These experts were the head of an urban planning department of a city with a population of about 300,000 inhabitants and a person in charge of an urban planning and city development department in a city of about 2 million inhabitants. After a general introduction of the topic according to Section 2.1, the generic classification scheme (Figure 3 ) was presented to these urban planning experts in printed form. For each UST and for each hierarchical level, they were asked to evaluate the consistency and plausibility. They were asked if the used terminology coincides with their professional vocabulary. They could verify that most USTs are in accordance with the terminology used in urban planning. They mentioned that the USTs 'Continuous built-up' and 'Discontinuous built-up' are plausible but are not used within their respective departments. The UST 'Street accompanying green' attracted both experts' attention since they explicated that this type reflects an important aspect of quality of urban green space; yet, there is no corresponding category within their department that covers such quality aspects. In general, they stated that this UST scheme shows a higher level of detail as compared to their current morphological or structural typologies used; examples that have a higher level of detail are as follows: 'shrubs', 'trees', 'open green space', 'street accompanying green', 'linear blocks', 'single family-/semi-detached house'.
After the presentation of the generic UST classification scheme (Figure 2) , the example of a remote sensing implementation of a UST interpretation key was additionally provided to these experts ( Figure 5 ). Both experts were able to assign each UST to the corresponding orthophoto subset.
In a nutshell, the city planners understood both the generic scheme and its remote sensing implementation immediately. The hierarchies were clear to them and the terminology of the scheme largely corresponds to their vocabulary. The planners stated their interest in the scheme and considered it an interesting tool for planning purposes. In addition, they clearly stated that an automated urban morphological classification is practically relevant, for instance for time series analyses. Particularly the option to differentiate at different hierarchical levels supports varying needs of planners in distinct settings. In a nutshell, the city planners understood both the generic scheme and its remote sensing implementation immediately. The hierarchies were clear to them and the terminology of the scheme largely corresponds to their vocabulary. The planners stated their interest in the scheme and considered it an interesting tool for planning purposes. In addition, they clearly stated that an automated urban morphological classification is practically relevant, for instance for time series analyses. Particularly the option to differentiate at different hierarchical levels supports varying needs of planners in distinct settings.
Discussion and Outlook
This paper describes current approaches to identifying urban structure types (USTs), their use within literature and it highlighted existing knowledge gaps. A guiding principle was a clear differentiation between urban structure and land use. A new urban structure typology was proposed, taking into account the nomenclature of urban planners, landscape planners, and spatial planners in general. The multi-layered character of USTs was explicated, and the arguments for the proposal of a new hierarchically consistent typology were presented as the mixing of certain scale levels impedes the assignment of a consistent UST terminology and their application in urban planning in general. It was argued that the different nomenclature used in literature does not necessarily match the vocabulary of the addressed target group. Hence the term UST suffers from a very inconsistent application. This results in highly diverse interpretations of the subject and implementations within particular studies, which is accompanied by the adaptation to regional and local characteristics and 
This paper describes current approaches to identifying urban structure types (USTs), their use within literature and it highlighted existing knowledge gaps. A guiding principle was a clear differentiation between urban structure and land use. A new urban structure typology was proposed, taking into account the nomenclature of urban planners, landscape planners, and spatial planners in general. The multi-layered character of USTs was explicated, and the arguments for the proposal of a new hierarchically consistent typology were presented as the mixing of certain scale levels impedes the assignment of a consistent UST terminology and their application in urban planning in general. It was argued that the different nomenclature used in literature does not necessarily match the vocabulary of the addressed target group. Hence the term UST suffers from a very inconsistent application. This results in highly diverse interpretations of the subject and implementations within particular studies, which is accompanied by the adaptation to regional and local characteristics and thus impedes transferability to other areas or even standardization of such USTs. We emphasized the difference between urban structure itself and the urban land use as land use and urban structure may not necessarily be congruent. In addition, we point out that the term "urban structure type" addresses the constructional characteristics of a surface, i.e., its structure and not the (usable) surface for a specific purpose. Due to the fact that the general outside appearance of buildings or other urban artefacts merely provides an indication of their actual use, land use cannot be included in an aspired generic UST scheme. Consequentially, we argue for the demand for a hierarchically consistent, structural-and object-based typology.
Our generic UST scheme builds on the existing UST concept. It shall serve as a method and a tool for urban planners as it solely builds on the urban planning terminology [25, 55, 56, 69, 70] and avoids region-specific, climate zone-specific or remote sensing specific jargon. The scheme is also new in that it does not mix scale levels when differentiations cannot be made further, i.e., the UST bare soil is not differentiated further from the second level onwards, which is consistent with the perception of bare soil.
The typology is paired with a methodology for implementation which enables the multi-scale scheme through an object-based definition building on the OBIA paradigm [67] .
Blaschke and Strobl [71] have posed the question "What's wrong with pixels?" and elucidated some shortcomings of a pure per-pixel approach. This was certainly not the first time to highlight the limitations of treating pixels individually based on multivariate statistics (see Blaschke et al. [64] for an overview of the development of OBIA). Based on the short history of OBIA, Blaschke et al. argue that around the turn of the millennium, the quest for objects reached a new dimension. Particularly for high-resolution image, it seems to make much sense to classify segments-rather than pixels.
When classifying whole objects-rather than image pixels-size, shape, relative/absolute location, boundary conditions and topological relationships can be used within the classification process itself in addition to their associated spectral information (as done by human photo interpreters, [67] ).
To conclude, the study reveals the necessity for revising existing, mostly isolated and non-transferable urban structure type approaches and proposes a hierarchically consistent purely structure-and object-based typology that has its foundation in urban planning. 
